1 1 3 5 a r t I C l e S Neurons communicate with each other primarily via synaptic contacts, where chemical neurotransmitters are released. Transmitter-containing vesicles undergo a series of steps that ultimately lead to their fusion with the presynaptic plasma membrane, including trafficking to the active zone, docking with the membrane and a priming step that readies vesicles for fusion. At most synapses, vesicle fusion is precisely timed to the occurrence of a presynaptic action potential 1 , resulting in a fast, transient burst of release. However, in addition to transient release, synaptic transmission at sensory neurons of the vertebrate visual, auditory and vestibular systems also occurs by continuously graded modulation of ongoing neurotransmitter release. These cells have evolved specific structures, known as synaptic ribbons, for this task 2 . Ribbons are proteinaceous structures that extend into the cytoplasm at the active zone and are surrounded by a halo of synaptic vesicles tethered to the ribbon by fine filaments 3 . Vesicles at the base of the ribbon are docked at the plasma membrane, poised to provide fast transient release when calcium channels open, whereas the more distal vesicles might support the continuous mode of release characteristic of ribbon-type synapses. However, whether ribbons operate in this fashion is unknown, and even if they do, it is not clear whether the ribbon acts as a simple depot for vesicles or has a more active role. In addition, the basic notion that ribbons are important for sustained release has been called into question 4 .
Neurons communicate with each other primarily via synaptic contacts, where chemical neurotransmitters are released. Transmitter-containing vesicles undergo a series of steps that ultimately lead to their fusion with the presynaptic plasma membrane, including trafficking to the active zone, docking with the membrane and a priming step that readies vesicles for fusion. At most synapses, vesicle fusion is precisely timed to the occurrence of a presynaptic action potential 1 , resulting in a fast, transient burst of release. However, in addition to transient release, synaptic transmission at sensory neurons of the vertebrate visual, auditory and vestibular systems also occurs by continuously graded modulation of ongoing neurotransmitter release. These cells have evolved specific structures, known as synaptic ribbons, for this task 2 . Ribbons are proteinaceous structures that extend into the cytoplasm at the active zone and are surrounded by a halo of synaptic vesicles tethered to the ribbon by fine filaments 3 . Vesicles at the base of the ribbon are docked at the plasma membrane, poised to provide fast transient release when calcium channels open, whereas the more distal vesicles might support the continuous mode of release characteristic of ribbon-type synapses. However, whether ribbons operate in this fashion is unknown, and even if they do, it is not clear whether the ribbon acts as a simple depot for vesicles or has a more active role. In addition, the basic notion that ribbons are important for sustained release has been called into question 4 .
Genetic manipulations present from birth may allow for developmental compensation and/or changes in synaptic transmission arising from homeostatic mechanisms 5 . To address the role of the ribbon in synaptic transmission, we chose to acutely damage the ribbon while monitoring synaptic transmission. We found that it was possible to evoke a burst of release immediately after damage to the ribbon that was relatively unchanged. However, after depleting a releasable pool with an initial stimulus, both rapid and sustained components of release were disrupted by ribbon damage. Retrospective electron microscopy revealed a normal complement of vesicles on the ribbon in damaged ribbons after depletion of the resistant pool. Together, these data suggest that the ribbon is involved in preparing vesicles for exocytosis, subsequent to vesicle tethering to the ribbon.
RESULTS

FALI of the synaptic ribbon
To investigate potential roles for the synaptic ribbon in exocytosis, we used fluorophore-assisted light inactivation (FALI) 6, 7 to acutely disrupt the ribbon while monitoring neurotransmitter release in paired pre-and postsynaptic recordings. FALI takes advantage of singlet oxygen generated on excitation of fluorescent molecules to generate local damage, with half-maximal damage occurring within ~40 Å of the fluorophore 7 . To specifically target the synaptic ribbon, we used a whole-cell patch pipette to introduce a fluorescein-labeled short (14 amino acid) peptide containing a PXDLS peptide sequence that binds to the CtBP domain of the most abundant protein in the synaptic ribbon, ribeye 8 . Previous work has shown that fluorescently tagged peptides containing this motif effectively target synaptic ribbons in several preparations [8] [9] [10] [11] [12] , including the two preparations used here, the mouse rod-bipolar cell 10 and the salamander cone photoreceptor 12 . As expected, introduction of the fluorescently labeled peptide effectively labeled punctate structures consistent with ribbons in the synaptic terminal regions of both mouse rod bipolar cells ( Fig. 1a ) and salamander cones ( Fig. 1b) .
In vision, balance and hearing, sensory receptor cells translate sensory stimuli into electrical signals whose amplitude is graded with stimulus intensity. The output synapses of these sensory neurons must provide fast signaling to follow rapidly changing stimuli while also transmitting graded information covering a wide range of stimulus intensity and must be able to sustain this signaling for long time periods. To meet these demands, specialized machinery for transmitter release, the synaptic ribbon, has evolved at the synaptic outputs of these neurons. We found that acute disruption of synaptic ribbons by photodamage to the ribbon markedly reduced both sustained and transient components of neurotransmitter release in mouse bipolar cells and salamander cones without affecting the ultrastructure of the ribbon or its ability to localize synaptic vesicles to the active zone.
Our results indicate that ribbons mediate both slow and fast signaling at sensory synapses and support an additional role for the synaptic ribbon in priming vesicles for exocytosis at active zones. 1 1 3 6 VOLUME 14 | NUMBER 9 | SEPTEMBER 2011 nature neurOSCIenCe a r t I C l e S We hypothesized that photodamage induced by illumination might manifest as a decrease in the ability of the ribbon to bind to the peptide as a result of the destruction of the ribeye protein. To test this idea, we whole-cell voltage-clamped dissociated mouse bipolar cells with a solution containing the fluorescein-conjugated ribbonbinding peptide. Mouse bipolar cells loaded with the peptide exhibited fluorescent spots in the synaptic terminal, denoting the location of synaptic ribbons 10 (Fig. 1c) . Next, bipolar cell terminals were exposed to continuous 488-nm laser illumination for 15 s to photobleach fluorescein-conjugated peptides in the synaptic terminal. Afterward, both the spot and cytoplasmic fluorescence dimmed as expected. After a period of 150 s, the fluorescence returned to pre-bleach levels in the cytoplasm as unbleached peptide replaced bleached peptide. Despite the return of fluorescence to the cytoplasm, spot fluorescence did not recover ( Fig. 1c) , consistent with the idea that ribeye was damaged.
As the lack of recovery from photobleaching could conceivably result from a stable association between ribeye and the nonfluorescent peptide, we sought to estimate how fast the peptide unbinds from the ribbon. To do so, dissociated mouse bipolar cells were superfused with a solution containing the detergent β-escin to permeabilize the plasma membrane and allow access of the peptide to the ribbons inside the cell. After detergent treatment, we locally superfused bipolar cells with a solution containing 50 µM of the ribbon-binding peptide conjugated to the fluorophore HyLite 488 for 10-15 s. On application of the fluorescent peptide, spots became visible in the permeabilized synaptic terminal (t = 0 s; Fig. 1d ). We then washed with peptide-free solution and monitored spot fluorescence at 2-s intervals to estimate the unbinding rate from the ribbon. The fluorescence decay during the washing period was roughly exponential, with a time constant of 14.7 s ( Fig. 1e) . A second application exhibited similar intensity spots (87 ± 9% of first application), indicating that the fluorescence decay did not result from photobleaching. Of note, the speed of superfusion and exit of fluorescent peptide from the permeabilized cell may limit the rate of fluorescent decrease in these measurements. Thus, the apparent off-rate measured here may be slower than the actual unbinding rate. Despite these limitations, the off-rate measured here is too fast to account for the fluorescence recovery after photobleaching results described above, indicating that photobleaching of the ribbon-binding peptide damages the peptide-binding site of ribeye.
Acute ribbon damage alters release from bipolar cells
To investigate the role of the synaptic ribbon in synaptic transmission, we next used photobleaching of the ribbon-binding peptide to selectively damage ribbons in paired whole-cell voltage-clamp recordings of retinal neurons. Specifically, we recorded presynaptically from mouse rod bipolar cells while monitoring the postsynaptic response of AII amacrine cells. Rod bipolar cells form multiple (six to ten) glutamatergic synapses with postsynaptic AII amacrine cells 13, 14 .
In response to 100-ms step depolarizations to 10 or 0 mV from a holding potential of 60 mV, excitatory postsynaptic currents (EPSCs) recorded from AII amacrine cells exhibited two temporal components of release: a fast synchronous component and a slower asynchronous component, as previously described 15, 16 . Notably, neither receptor desensitization nor receptor saturation have much effect on the kinetics of the responses at this synapse [15] [16] [17] [18] . From the size and rapidity of the fast kinetic component, this component likely arises from docked and primed vesicles found at the base of the synaptic ribbon 13, 19 .
We tested whether the ribbon-binding peptide alone had any effect on the amount or time course of synaptic release. The peak EPSC evoked by presynaptic depolarization averaged 134.0 ± 12.7 pA (n = 10) in the presence of the peptide and 138.5 ± 14.8 pA (n = 5) when recorded without the peptide in the presynaptic cell ( Fig. 2a) .
To analyze the kinetics of the synaptic response, we integrated the postsynaptic response over time and fit the resultant curves with a double exponential function
Synaptic currents recorded in response to 100-ms steps to −10 mV were well fit by this function (Fig. 2b) . On average, the best fit values for A 1 , A 2 , τ 1 and τ 2 were 1.0821 ± 0.24043 pC, 10.041 ± 2.183 pC, 8.022 ± 2.501 ms and 309.56 ± 87.651 ms, respectively, in control cells lacking the peptide (n = 10). The values of the fit parameters were not significantly different in cells loaded with 40 µM fluorescent ribbon-binding peptide (n = 6 pairs; A 1 , P = 0.8; A 2 , P = 0.13; τ 1 , P = 0.69; τ 2 , P = 0.68; Fig. 2c ). The charge of a spontaneous miniature EPSC (mEPSC) was, on average, 40.6 fC, making the size of A 1 and A 2 equivalent to 26.7 and 247 vesicles, or 4.4 and 41 vesicles per ribbon, assuming six synaptic ribbons connecting each bipolar cell (1) (1) to each AII amacrine cell 14 . Evidently, the synaptic ribbon-binding peptide has no effect on the time course, magnitude or repeatability of the synaptic current. Next, bipolar cells were loaded with 10-40 µM ribbon-binding peptide or with 40 µM of a scrambled control peptide. Cells were depolarized to −10 or 0 mV for 100 ms every 60 s, while neurotransmitter release was monitored postsynaptically. After four depolarizations, bipolar cells were illuminated with bright blue light for 15 s to photobleach fluorescein and generate local damage near the peptide (Fig. 3a-c) . In the first response following exposure to bleaching light (Fig. 3b ), EPSCs exhibited near normal peak responses, a reflection of the fast component of vesicle release. In subsequent responses ( Fig. 3c) , both fast and sustained components were substantially reduced, with no change in the size of the presynaptic calcium current. Notably, photobleaching the ribbons also eliminated the presynaptic glutamate ransporter current in bipolar cells 16, 20 , which can be observed as a deviation from the expected square wave for the calcium current. This is likely due to glutamate transporter current rather than proton block of the calcium current [21] [22] [23] , as the transporter blocker threo-β-benzyloxyaspartate blocked the effect, whereas manipulation of extracellular buffering did not (data not shown). This is consistent with the strong reduction that we observed in the postsynaptic response ( Fig. 3a-c) . Photobleaching the scrambled peptide did not affect either the EPSCs (Fig. 3d) or the presynaptic calcium currents. Even with intervals of 5 min between stimuli, synaptic responses exhibited little recovery ( Fig. 3e and Online Methods). In four cells in which longer delays were tested, EPSC amplitudes were reduced to 31.5 ± 5.9% of the pre-bleach EPSCs in the fifth response after photobleach and 29.6 ± 6.9% after a 5-min delay. These results indicate that acute damage to the ribbon nearly eliminates neurotransmitter release and that a pool of releasable vesicles is initially spared from ribbon damage. We then examined the relation between the concentration of the peptide and the reduction in neurotransmitter release in the second response after light exposure (Fig. 3f) . The effects on the synchronous and delayed components were both concentration dependence, with half maximal suppression between 5 and 10 µM. Notably, the concentration dependence is similar to the measured affinity of this peptide for ribbons in goldfish bipolar cells (27 µM) 8 , as well as the affinity of this peptide sequence in vitro for CtBP1 (1.5 µM) 24 , a protein with high homology to the B-domain of ribeye 25 .
We examined the kinetics of synaptic response for the pool of releasable vesicles that was initially resistant to photodamage (Fig. 4) . We compared the kinetics of the response before and in the first response after photobleach by plotting the time integrals of the EPSCs for cells loaded with the ribbon-binding peptide and the scrambled peptide control (Fig. 4b,c) . We fit the charge as a function of time to equation (1) for the recordings before photobleach. After photobleach, we fit the charge with equation (1) while keeping the time constants fixed to estimate the effect of ribbon damage on both fast and slow components of release. Photodamage to the ribbon reduced the amplitude of the slow component, A 2 , by 43% immediately after photobleach and A 1 by 22%. In subsequent responses, both components were greatly attenuated, A 1 by 71%, and A 2 by more than 78%. These findings indicate that damage to the synaptic ribbon allows a one-time release of a single pool of vesicles, but refilling of this pool is prevented, consistent with a role just upstream of the final fusion event. Measuring the photodamage-resistant pool size as the difference between the first response after photobleach and the subsequent responses yielded a pool size equivalent to 200 vesicles.
A small amount of release remained after photobleach and a stimulus (Fig. 4) . This residual release could result from undamaged ribbon proteins or from extra-ribbon release sites. To distinguish between these two possibilities, we subjected six bipolar cells to a second light stimulus after allowing for sufficient time to reload the synaptic terminal with fluorescent peptide. On average, the second photobleach decreased the residual release, with A 1 decreasing by 63.6 ± 16% and A 2 by 87.8 ± 8.7%. These results indicate that the residual release was also sensitive to photodamage from illumination of the ribbon-binding peptide, consistent with a ribbon requirement for synaptic communication between rod bipolar cells and AII amacrine cells.
Ribbon damage alters release, but not endocytosis in cones
To determine whether these findings can be generalized to other ribbon synapses, we next tested whether a different ribbon-type presynaptic terminal, the cone photoreceptor of the tiger salamander, exhibits a similar response to photodamage of ribbons. To do so, we recorded presynaptically from cones loaded with the fluorescein-conjugated peptide while simultaneously monitoring postsynaptic responses in synaptically connected off bipolar cells or horizontal cells. Similar to bipolar cells, cone photoreceptors exhibit at least two distinct components of neurotransmitter release in response to strong depolarizations, a rapid component that represents release of the rapidly releasable pool and gives rise to a peak in the EPSC, followed by a slower component (Fig. 5a) 11 . After five presynaptic depolarizations delivered at 60-s intervals, cones were subjected to 60 s of continuous 488-nm illumination to induce ribbon damage. Illumination of the ribbon-binding peptide (Fig. 5a,b) , but not scrambled peptide, left both the fast component and the slow component largely intact in the first response after photobleach, with no effect on the presynaptic calcium current (Fig. 5a) . In subsequent responses, neurotransmitter a r t I C l e S release was significantly attenuated (P < 0.0001; Fig. 5b ). Fitting EPSC charge transfer with equation (1) showed that fast and slow components were reduced by 56.9 ± 7.9% and 41.5 ± 8.0% (N = 18), respectively. Similar to what was observed in bipolar cells, these values did not differ significantly from one another (P = 0.2, paired t test). The B-domain of ribeye has high sequence homology with the CtBP3/BARS, a protein with a suggested role in dynamin-independent endocytosis 26 . The cone photoreceptor preparation also allowed us to measure endocytic rates using membrane capacitance measurements to investigate whether photodamage to ribeye affects endocytic rates. Because the membrane capacitance (C m ) is linearly proportional to membrane surface area, the insertion of vesicle membrane during exocytosis caused a net increase in C m , whereas endocytosis results was marked by a slower recovery to baseline. Cones depolarized to 10 mV for 25 ms exhibited a robust capacitance increase, followed by a slower decay to baseline (Fig. 5c) , as previously reported 27 . Prior to photobleach, steps elicited a capacitance jump of 139.1 ± 18.5 fF, whereas after photobleaching capacitance increased by 88.5 ± 12.7 fF (n = 12 trials in 8 cells, P = 0.0014, paired t test). We calculated the endocytic rate as the time required for the capacitance increase to decline by 50% and found no significant difference (P = 0.198, paired t test) in the t 1/2 before (121.5 ± 22.8 ms) or after (110.2 ± 25.1 ms) photobleach. These results indicate that ribbon damage appears to have no effect on the endocytic rate.
Ultrastructure of photodamaged and stimulated ribbons
These results indicate that damage to the synaptic ribbon blocks resupply of a pool of fast-releasing vesicles. These results could be explained by a failure of new vesicles to reach and dock with release sites or by a failure to prime new vesicles for release. To distinguish between these two models, we used retrospective electron microscopy to examine vesicle distributions in dissociated mouse bipolar cells in which the ribbon had been photodamaged and then subjected to two depolarizations from 60 mV to 0 mV to elicit the depletion of the synaptic response (Fig. 6a,b and Supplementary Figs. 1 and 2) . To analyze these data, we counted the number of ribbons and measured their size and the number of vesicles adjacent to the ribbons and determined the number of docked vesicles per ribbon, defined as vesicles whose centers were within 50 nm of the plasma membrane. We found no significant difference in the number of ribbons per total section area (0.19 ± 0.06 ribbons per µm 2 in experimental cells, 0.22 ± 0.07 ribbons per µm 2 in control cells; P = 0.7), the size of the ribbons (experimental, 144 ± 21 nm; control, 145 ± 7 nm; P = 0.97), the number of vesicles on the ribbon per unit length (experimental, 0.053 ± 0.018 vesicles per nm of ribbon; control, 0.049 ± 0.004 vesicles per nm of ribbon; P = 0.9) or the number of docked vesicles per ribbon (experimental, 0.43 ± 0.06 vesicles per ribbon section; control, 0.47 ± 0.26 vesicles per ribbon section; P = 0.9).
In addition, we analyzed electron microscopy sections that showed both the synaptic ribbon and the nearby plasma membrane and determined the distance of the vesicles on the ribbon to the plasma membrane and the number of docked vesicles in both control cells and cells exposed to both FALI and stimulation (Fig. 6c) . We found no significant difference (P = 0.9) in vesicle distribution on the ribbon between control and experimental cells.
Lastly, we looked at the size of membrane-bound organelles near the ribbon in control and experimental cells. To do so, we measured the cross-sectional area of all membrane-bound organelles within 500 nm from the center of ribbons that were adjacent to the plasma membrane. On average, we found that the size of organelles were not significantly different (P = 0.44, t test) in control (1,299 ± 23 nm 2 ) and experimental (1,329 ± 29 nm 2 ) conditions. Similarly, there were no apparent differences in organelle size between photodamaged and control cells (Fig. 6d) .
DISCUSSION
We used acute disruption of the synaptic ribbon to investigate potential roles for this structure in neurotransmitter release. Disruption of the ribbon initially left intact a cohort of vesicles that were already prepared for release in both bipolar cells and cones. The size of this photodamage-resistant pool of vesicles had a total charge equivalent to approximately 200 and 45 mEPSCs in bipolar cells and cones, respectively. Using published estimates for the number of synaptic connections between pre-and postsynaptic cells, this is equivalent to 25 vesicles per bipolar cell ribbon and 20 vesicles per cone ribbon, similar to the total size of the releasable pool assumed to reside on the ribbon 11, 28 . Once this resistant pool was depleted, it could not be replenished after ribbons were disrupted, leaving both fast and sustained components of release severely impaired for all subsequent stimuli.
Despite the marked loss of synaptic release, photodamage to the ribbons in bipolar cells was not accompanied by changes in ribbon number or the number of vesicles docked at the base of the ribbon, suggesting that the ribbon has a role upstream of the final step in exocytosis and downstream of vesicle delivery to the ribbon. Goldfish bipolar cells loaded with ATP-γS 29, 30 can release a single pool of vesicles that is approximately equal in size to the pool of vesicles residing on ribbons without diminishing the number of vesicles on the ribbon observed using electron microscopy, leading to the hypothesis that ATP is required for the priming of vesicles on the ribbon. By analogy, 1 1 4 0 VOLUME 14 | NUMBER 9 | SEPTEMBER 2011 nature neurOSCIenCe a r t I C l e S a disruption in the process of molecularly primed release-ready vesicles finding their way to sites in close proximity to calcium channels would account for many of our results. Although the molecules being disrupted in our experiment are not known with certainty, several possibilities can be considered. Free radicals generated by photobleaching almost certainly damage ribeye itself, as evidenced by the loss of binding to the fluorescent peptide, but other nearby proteins might also be damaged. From a molecular standpoint, vesicle priming involves the partial pre-assembly of SNARE proteins into position for rapid release, a process that has implicated several accessory proteins, including munc-13, munc-18, RIM1 and RIM2 (ref. 31) . Notably, RIM2 and munc-13 are found near the base of the ribbon, where the immediately releasable vesicles are thought to reside, and RIM1 is located along the length of the ribbon, near ribeye 32 .
Consistent with a role for the ribbon in preparing vesicles for rapid release, genetic mutation of the active zone protein bassoon, which causes synaptic ribbons to become unanchored from the membrane 4, 33 , results in the loss of synchronous release from the hair cell ribbon synapse 4 and some disruption of continuous release 34 . The effects of bassoon disruption on synaptic release, although consistent with a role for the ribbon in establishing a fast-releasing pool of vesicles and supporting continuous release, are complicated by the effect of bassoon disruption on calcium channel number, location and open probability 34 . Bassoon mutant animals exhibit profound defects in fast synchronous release with much more subtle effects on continuous release 4 , whereas we found that ribbon ablation initially leaves intact a population of vesicles, for which the synaptic ribbon had already primed for release, and prevents new vesicles from becoming release ready. On the basis of these results, we suggest that the synaptic ribbon does more than just position vesicles in a timely fashion, and that it is actively involved in preparing vesicles for exocytosis. Moreover, our results establish that the ribbon is involved in maintaining continuous release during prolonged stimuli.
Our results also argue against extra-ribbon release making a substantial contribution to synaptic communication between rod bipolar cells and AII amacrine cells, between cones and off-bipolar cells, or between cones and horizontal cells. Previous findings suggest that exocytosis can occur at locations outside of the synaptic ribbon in the rod bipolar cells of goldfish and in mouse hair cells 4, [35] [36] [37] [38] . Moreover, apparent conventional and other non-ribbon-type synapses have been described in bipolar cells of several species 37, [39] [40] [41] [42] . However, synaptic release from bipolar cells requires high concentrations of calcium 43 and close proximity to calcium channels 15, 22, 44 , which are mostly clustered near synaptic ribbons 8 . Similarly, photoreceptors exhibit vesicles closely positioned to the plasma membrane and a relatively high-affinity calcium sensor for release 45 , which suggests that extra-ribbon release is possible. Extra-ribbon release, when it has been observed, has been associated with the slower, sustained component of release. However, the role of extra-ribbon release in synaptic communication remains unknown. We found that photodamage to the ribbon severely reduced both kinetic components and that the residual release after photobleach was sensitive to a second exposure to light, consistent with a requirement for a functional ribbon for both fast and slow components of release.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
